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Abstract: Interstellar synchrotron emission depends on Galactic magnetic fields and on cosmic-ray leptons.
Observations of radio emission are an important tool for studying cosmic-ray propagation models and interstellar
electron spectrum and distribution in the Galaxy. We present the latest developments in our modeling of Galactic
synchrotron emission with the GALPROP code, including polarization, absorption, and free-free emission. Using
surveys over a wide range of radio frequencies and polarization measurements, we derive constraints on the low-
energy interstellar cosmic-ray electron spectrum, magnetic fields and cosmic-ray propagation models. This work is
of interest for studies of interstellar gamma-ray emission with Fermi-LAT, and synchrotron for the Planck mission.
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1 Introduction
Cosmic rays (CRs) propagate in the Galaxy and generate
diffuse radio emission, via synchrotron radiation in Galactic
magnetic fields (B-fields). Interstellar synchrotron emission
extends from a few MHz to tens of GHz and depends on
the CR electron spectrum and distribution in the Galaxy,
and on the B-fields. Observations of radio emission from
our Galaxy are an important tool for studying CR leptons
and the B-field. Combining these observations and direct
measurements of local CRs, we can gain information on CR
propagation models and CR electron spectrum in interstellar
space.
At higher frequencies, in the microwave bands, free-free
and dust emission tend to dominate, and the separation in
the data of the different foreground components is problem-
atic. We present here our modeling of both total and polar-
ized synchrotron emission and we show the results. Our
study has been performed in the context of CR propagation,
considering other recent observations such as gamma rays
and CR direct measurements. For a given B-field and prop-
agation model we start with a CR source distribution and
follow the propagation of all the particles, primary protons
and other nuclei, electrons, positrons, taking into account
secondary production, diffusion, and energy losses through-
out the whole Galaxy. We then compare the CR fluxes with
measurements at earth and the synchrotron emission model-
s with radio and microwave data.
2 Interstellar radio emission modelling
GALPROP is a software package for modeling the prop-
agation of CR in the Galaxy and their interactions in the
interstellar medium (ISM). Descriptions of GALPROP can
be found in [8], [16], [17] and references therein. See also
Moskalenko et al. (these proceedings) for a recent summary.
This project started in the late 1990’s [7, 14], and since then
it has been continuously developed. It allows simultaneous
predictions of observations of CRs, gamma rays [1, 12] and
also synchrotron radiation [10, 11, 19]. See also the dedi-
cated website1.
2.1 GALPROP developments
Recently we have improved the GALPROP calculation of
interstellar synchrotron emission [19], including 3D models
of the B-fields [9], and we have also extended it to include
synchrotron polarization and free-free emission and absorp-
tion [10]. More details will be provided in [11]. Implemen-
tation of the synchrotron emission model in GALPROP was
described in [19], where spectra of unpolarized synchrotron
emission were presented for a given B-field and for high
latitudes. Different models of the B-field can be implement-
ed; two examples with spiral structure are shown in Fig-
ure 1. Given a spectrum of electrons or positrons computed
at all points on the grid and a B-field, GALPROP integrates
over particle energy to get the synchrotron emissivity. The
emissivity as seen by an observer at the solar position is
computed and output as a function of (R, z, ν) (for the 2D
case) or (x, y, z, ν) (for the 3D case). The spectrum and
distribution of the emissivity depends on the form of the
regular and random components of the magnetic field, and
the spectrum and distribution of CR leptons. All the results
presented here were obtained for the 3D case2. An example
of the emissivities for a given spiral regular and random
B-field component is given in Figure 2. To obtain the syn-
chrotron intensity GALPROP integrates over the line-of-
sight the calculated emissivity on the grid. For the polarized
synchrotron emission we introduced calculation of the e-
missivities for Stokes parameters I,Q,U [11]. We integrate
the emissivities over the line-of-sight to produce the corre-
sponding synchrotron skymaps of I,Q,U ; P is computed
from the integrated Q andU : P=
√
Q2 +U2. The resulting
synchrotron skymaps for a user-defined grid of frequencies
are output in Galactic coordinates either as CAR projection
or in HEALPix. Skymaps, longitude and latitude profiles,
intensity and spectral index maps can be produced, and the
models can be compared with radio surveys.
1. http://galprop.stanford.edu/
2. See also the Johannesson et al. (these proceedings) for the 3D
formulation of CR source distribution.
ar
X
iv
:1
30
7.
22
64
v2
  [
as
tro
-p
h.G
A]
  2
3 J
ul 
20
13
Interstellar synchrotron emission modeling
33RD INTERNATIONAL COSMIC RAY CONFERENCE, RIO DE JANEIRO 2013
Fig. 1: Examples of B-fields used in our modelling.
3 Results
3.1 Interstellar electron spectrum
Below a few GeV the local interstellar electron spectrum
cannot be directly measured, because CR electrons with
energy lower than a few GeV are affected by solar modu-
lation. The synchrotron spectral shape depends on the CR
electron and positron spectra, while the synchrotron inten-
sity depends on the B-field and electron, positron fluxes.
In particular CR electrons from 500 MeV to 20 GeV pro-
duce synchrotron emission from tens of MHz to hundreds
of GHz for a B-field of few µG, and hence this can be used
in conjunction with direct measurements to construct the
full interstellar electron spectrum from GeV to TeV.
Using a collection of radio surveys and WMAP 3-year
data, out of the Galactic plane, we [19] found that the local
interstellar electron spectrum turns over below a few GeV,
with spectral index 3 above the break and around 2 below
the break, and harder than 2 below the break. The need of
a break in the local interstellar spectrum has been recently
observed and confirmed by Voyager (see these proceedings).
We tested propagation models, generated with GALPROP,
in order to constrain the injected CR electron spectrum,
before propagation. We found an injection electron spectral
index harder than1.6 below 4 GeV (see Fig 3, upper plot).
Fig. 2: Examples of synchrotron emissivity for regular
(left) and total (right) components of our model of magnetic
field. The shape of the emissivity reflects the shapes of
the spiral arms of the magnetic field. In both figures the
Sun is at x=8.5 kpc and y=0. The black circle where the
emissivity is zero on the right-center of the figures is where
the magnetic field is parallel to the observer’s line of sight
from the observer point of view in the solar system.
Another result was the recognition of the importance
of including secondary positrons and electrons in syn-
chrotron models. While plain diffusion models fitted the
data well, standard reacceleration models used to explain
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Fig. 3: Synchrotron spectra (blue lines) with primary low-
energy electron injection index 1.6 for pure diffusion model
(upper), for diffusive acceleration model as in [1] (lower) at
high latitudes. Data (red triangles) are from radio surveys
and WMAP.
CR secondary-to-primary ratios were not consistent with
the observed synchrotron spectrum, since the total intensity
from primary and secondary leptons exceeded the measured
synchrotron emission at low frequencies, as shown in Fig 3
(lower plot).
3.2 Modeling of synchrotron for various B-fields
Polarized synchrotron emission allows the regular compo-
nent of the B-field to be studied, complementing the to-
tal synchrotron which probes the sum of random and or-
dered fields (regular plus anisotropic random). Models of
the regular B-field from the literature were investigated,
using CR propagation models based on CR and gamma-
ray data. An example of our modelling of the radio emis-
sion is shown on Figure 4. Here spectra of total (I) and po-
larized (P) emission from radio surveys and WMAP data
are compared with our model in the inner Galaxy, show-
ing reasonable agreement. We found [10, 11] that the reg-
ular field is 1.5–2 times larger than in the original models
[20, 13] based on Faraday rotation measures of extragalac-
tic sources; we attribute this to the existence of an anisotrop-
ic random component (also known as ’striated’ or ’ordered
random’), which contributes to polarized synchrotron but
not to rotation measures [5, 2, 4]. We studied [10, 11] the
sensitivity of the synchrotron model to different formula-
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Fig. 4: Spectra P and I for the inner Galaxy and z=4 kpc.
B-field intensities are including an anaisotropic B-field to
agree with data. Regular B-field model, ASS+RING, based
on [20], for CR source distribution from [18]. The plots
show the different model components: synchrotron (blue
line), dust and spinning dust (pink dotted line), free-free
(green dashed-dotted line), free-free+synchrotron (cyan
dashed line) and total (red line). Data (black triangles) are
from radio surveys and WMAP.
tions of B-field, CR source distribution and propagation
parameters. As an example, skymaps at 408 MHz and po-
larized emission at 23 GHz are shown in Fig 5 for a giv-
en model of B-field, halo size, and CR source distribution.
Note that local features like Loop I are not included in the
model, and these account for much of the additional struc-
ture seen in the data. The models reproduce the peak in the
direction of the inner Galaxy for both total and polarized
radio components. Figure 6 shows some samples of latitude
and longitude profiles.
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Fig. 5: Brightness temperature skymaps at 408 MHz (left) and polarized 23 GHz (right). Top: models, bottom: data from
[6] and WMAP. All skymaps (for each frequency) have the same scale, with Galactic longitude l = 0 at the center. Units are
K. From [10].
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Fig. 6: Intensity longitude and latitude profiles for B-field model describe in Figure 4. The plots show the different model
components: synchrotron (blue line), dust and spinning dust (pink dotted line), free-free (green dashed-dotted line), free-
free+synchrotron (cyan dashed line) and total (red line). Data are in black. Left to right and top to bottom are longitude and
latitude profiles for P and I at 23 GHz, and 408 MHz. Longitude profiles are averaged over a region of |b| ≤ 5◦, while
latitude profiles over a region of −60◦ ≤ l ≤ 60◦ around the Galactic center. From [11].
